The present report demonstrates that PNHE can be hemolyzed directly by partially purified subcomponents of the C'3 complex. Central to this thesis is the observation that PNHE exposed to C'3a are converted to an intermediate complex (designated PNHEC'3a), which is susceptible to hemolysis by dilute human serum in the presence of Na3HEDTA. In addition, the serum C' components involved in the hemolysis of PNHEC'35 are found to be identical with those involved in the lysis of EAC'1,4,2,3a.
Methods
The following have all been described previously: the preparation of barbital-buffered saline (BBS) at various pH's (3); the preparation of Na2MgEDTA-BBS containing 1.5 or 2.6 X 10-2 M Na2MgEDTA (3, 5) ; the collection of guinea pig and human blood and the isolation and storage of their respective sera (3, 4) ; the preparation and storage of sera deficient in the various components of C' and RP (4) ; the preparation of sensitized sheep red cells both with and without the use of Na3HEDTA-BBS (3); the preparation of EAhuC'1,4,2 and EAgpC'1,4,2 (3); the collection and storage of NHE and PNHE (4) ; the adjustment of serum pH (4) ; the preparation of serum containing EDTA salts (4) ; the estimation of in vitro acid hemolysis (4) ; the assay for C'1 esterase activity (4) . Preparation of C'3a by TEAE chromatography C'3a was prepared as outlined by Mfiller-Eberhard, Nilsson, and Aronsson (6) . C'3a obtained by the initial chromatographic isolation was useful in preparing PNHEC'3a and was so employed, but most of the experiments were performed with C'3a that had been further purified by rechromatography. After rechromatography, the fractions containing C'3a were pooled and dialyzed against 0.02 ionic strength phosphate buffer, pH 5.4, and the precipitate was redissolved in 5 to 10 ml of phosphatebuffered (pH 7.0) isotonic saline. These fractions deteriorated slowly, and by the end of 6 to 8 weeks their activity had often disappeared. The activity could be pre-1534 served by storing the fractions at -200 C in 50% glycerol and dialyzing them against 0.15 M NaCl before use.
Formation of the PNHEC'.s complex Nine different batches of C'3a were prepared, of which six were rechromatographed; no C'1 esterase activity was detectable in any of these preparations. All were effective in converting PNHE to PNHEC'38. After both reactants had been prewarmed to 370 C, a portion of C'3a was added to a cell button of PNHE, and the mixture was incubated at 370 for 5 minutes. Volumes of PNHE ranged from 0.01 to 0.5 ml, and volumes of C'3a ranged from 0.1 to 2 ml. The mixture was then placed on ice and washed twice (20 C) with 10 ml 0.15 M NaCl. In certain experiments 1 ml of human serum, pH 6.5, containing 0.015 M Na3HEDTA was added directly to the PNHEC'3. cell button, and hemolysis was carried out at 370 for 30 minutes. In those experiments where the PNHEC'3. complex was prepared in bulk, the washed cells were suspended to a concentration of 20 to 40%, and 0.05 ml was added to tubes containing 1-ml portions of the Na3HEDTA human serum or other reagents.
The dose of PNHEC'3. employed in each hemolytic test ranged from an equivalent of 0.01 to 0.02 ml packed cells, and the 100%o hemolysis, OD 540 m, (determined by freeze and thaw), ranged from 1.5 to 4.0.
Isolation of the serum factors involved in PNHEC's. heinolysis Four hundred fifty to 600 ml of human serum was mixed with one-tenth vol of 0.1 M Na3HEDTA, pH 7.4, and dialyzed against 12 L 0.02 ionic strength acetate buffer, pH 5.4, containing 10' M NasHEDTA for 16 to 24 hours. The euglobulin precipitate was collected by centrifugation, washed twice in dialysis buffer, and dissolved in 25 ml phosphate buffer, ionic strength 0.15, pH 7.4, containing 1% NaCl and 10' M Na3HEDTA. After removal of insoluble material and lipid by low and high speed centrifugation (6), the protein solution was dialyzed overnight against starting buffer. Starting buffer was either 0.15 ionic strength phosphate, pH 7.4 (2 experiments), or 0.09 ionic strength phosphate buffer, pH 7.4 (2 experiments), both containing 10' M Na3HEDTA. No significant differences were noted when the elution patterns for these two buffers were compared. The dialyzed protein solution was cleared of any precipitate by low speed centrifugation and placed on a 2-X 40-cm column of DEAE resin previously equilibrated with starting buffer. The columns were developed with a linear ionic strength gradient (starting buffer as described; limit buffer, 0.5 M NaCl in starting buffer). In three experiments, 1,000 ml of each buffer was employed for gradient development. In a single experiment, in order to avoid trace contamination of the C'3 subcomponents by each other, 2,000 ml of each buffer was employed. Twenty-ml fractions were collected at a flow rate of 15 to 30 ml per hour. The individual fractions were dialyzed overnight against 0.135 M NaCl containing 10-Na3-HEDTA. The entire isolation procedure was carried out at 40 C. After dialysis, the fractions were analyzed for C'lq, C'lr, and C'ls activities (5), for C'3a activity (5, 7) , for lytic activity against PNHEC'3a, and for hemolytic activity against EAC'1,4,2,3a. Comparable results were obtained in all four experiments. Activities isolated by this technique were stored at -850 C.
Methods of assay C'lq, C'lr, C'ls. The procedure was similar to that outlined by Lepow and his associates (5) .
C'3a. This activity was usually measured with EAgpC'1,4,2. A sample of the fraction to be tested was added to a 5 X 10' cell button of EAgpC'l,4,2 together with 4 ml of a 1: 5,000 dilution of guinea pig C' in Na3HEDTA-BBS, pH 7.4 (5 (8) .
Coombs tests were performed on both PNHE and NHE with and without exposure to C'3a. Two-hundredths ml of PNHE or NHE was exposed to 0.3 ml saline or C'3a containing 5,000 Azg protein per ml for 5 minutes at 37°. They were then washed four times with 10 ml saline at 2°C and suspended to a 3% cell concentration. One drop of each cell suspension was added to 2 drops of antiserum dilution in 10-X 75-cm test tubes. After incubation at 370 for 30 minutes with frequent agitation, the cell suspensions were allowed to stand at room temperature for 60 minutes, and the hemagglutination pattern was noted. A smooth carpet of cells was taken as a 4 + pattern and a dense central button as a negative pat- Preparation of the TEAE 4 and DEAE5 resins for column chromatography was as described by Mfiller-Eberhard and his colleagues (6) Twohundredths ml PNHE was mixed with 0.5 ml C'3a at various protein concentrations. After 5 minutes incubation at 370 C, the cells were washed, and 1 ml of a 1: 25 dilution of human serum in Na3HEDTA-BBS (barbital-buffered saline), pH 6.5, was added to the cell button.
made with a Beckman Zeromatic pH meter. A Zeiss PMQ II spectrophotometer and cuvettes with a 1-cm light path were employed in all measurements of optical density. Protein determinations were made by a modified Folin technique (9) with human gamma globulin as the standard. The absorbancy at 280 mna of a 1% protein solution of partially purified C'3a was 12.
All the experiments reported were performed on more than one occasion, with different cells and different reagent preparations, and the results were always reproducible.
Results Figure 1 shows the relationship between C'3a activity, as measured by EAC'1,4,2 lysis in a 1: 5,000 dilution of guinea pig serum, and the material isolated by TEAE chromatography that was capable of transforming PNHE to PNHEC'3a.
Only the fraction pools containing C'3a activity as measured by EAC'1,4,2 were capable of PNHEC'3a formation. On one occasion the peak fractions containing C'3a activity from the initial chromatographic separation were dialyzed against 0.15 M NaCl and used directly in an attempt to convert PNHE to PNHEC'3a. This attempt was unsuccessful.
PNHEC',a formation. Twenty-five to 50 tg C'3a protein per ml effects a barely discernible conversion of PNHE to PNHEC'3a ( Figure 2 ). With concentrations of C'3a above 500 ug protein per ml the slope of PNHEC'3a formation diminishes.
Experiments to determine the cation requirements for formation of PNHEC'3a revealed that the intermediate complex was formed equally well in the presence of Na2MgEDTA and Na3HEDTA
as in the presence of Ca++ and Mg". It was concluded, therefore, that neither of these divalent cations was necessary for PNHEC'3a formation, and that fluid phase C1 or C'2, should they be present as contaminants in our C'3a preparation, were not participating in the conversion (10 Two-tenths ml PNHE was mixed with 5 ml of C'3a (500 ,ug protein per ml) at 37°. At the designated time intervals 0.5-ml samples were removed and added to cold 0.15 M NaCl. After washing, the cell buttons were hemolyzed in 1 ml undiluted human serum, pH 6.5, containing 0.015 M Na3HEDTA.
HEDTA-BBS and subsequently were tested for their ability to form PNHEC'3a. The results revealed that such decay did not affect the subsequent formation of PNHEC'3a and eliminated the possibility that C'1 or C'2 need be on the cell for PNHEC'3a formation to occur (11, 12) .
PNHEC'3a formation was completely inhibited by low temperature (00 C). Furthermore, preheating C'3a at 56°C for 30 minutes completely destroyed its ability to effect PNHEC'3a formation. During exposure of C'3a to 560 much of the protein formed a white precipitate. PNHEC'3a formation proceeded equally well at pH 6.5, 7.0, and 7.5; slight inhibition was noted at pH 6.0.
The kinetics of PNHEC'3a formation superficially resembled those of the formation of EAC'1,4,2 (lOa, 13). The complex formed rapidly, reached an optimum at approximately 5 minutes of PNHE exposure to C'3a, and then began to decline in activity (Figure 3 ). The decay of PNHEC'30 could be impeded by low temperature (Figure 4 ). The rate of decay at 370 was much slower than that associated with EAC'14,2 and did not follow first order kinetics. In addition, PNHEC'38, maintained at 370 in the presence of a large excess of C'3a were able to escape decay. The optimal time of exposure of PNHE to C'3a for PNHEC'3a formation varied with the concentration of C'3a and also differed slightly with various batches of C'3a; however, a 5-minute exposure of PNHE to C'3a at 370 yielded satisfactory results in all instances. No hemolysis of PNHE occurred during prolonged exposure to C'3a or during subsequent decay at 370; thus C'3a was unable, by itself, to produce PNHE lysis.
Various studies on the lysis of PNHEC'sa. The PNHEC'3a complex is identifiable by its ability to hemolyze in the presence of Na3HEDTA. Red cells from ten patients with PNH were studied during the course of these experiments; none were capable of significant hemolysis in human serum containing Na3HEDTA. All The arrow indicates the start of the NaCi gradient. Starting buffer, 0.09 ionic strength phosphate, pH 7.4; 2,000 ml each starting and limit buffers were employed for gradient development. support the hemolysis of PNHEC'3a. Serum heated at 560 C for 30 minutes would no longer hemolyze PNHEC'3a. PNHEC'3a were no more susceptible to acid hemolysis in native human serum than PNHE. Hemolysis of PNHEC'3a proceeded satisfactorily in R1, R2, R4, and RP. The only R reagent totally and consistently lacking in the ability to hemolyze PNHEC'3a was R3, suggesting that some part of the C'3 complex was responsible for the lysis of PNHEC'3a.
Isolation of the serum factors involved in PNHEC'sa hemolysis: their identity wvith C'3b and C'3c. Figure 7 demonstrates the results obtained when the DEAE resin chromatographic fractions were analyzed for various hemolytic activities. No single fraction was capable of hemolyzing either PNHEC'3a or EAC'1,4,2,3a; the combination of an early fraction (C'3b) with a late fraction (C'3c) was effective in lysing both intermediate complexes. The pattern of elution of C'3b and C'3c as measured by PNHEC'3a resembled closely that measured by use of EAC'1,4,2,3a. Table   I illustrates the need for both C'3b and C'3c in the lysis of all the C'3a intermediate complexes studied.
The effect of C'3a on normal human erythro- absorbed with C'3a * PNHE and NHE exposed to C'3a gave negative patterns when tested with anti--y-globulin serum and anti-j%0-globulin serum. See Methods for details of procedure.
immunoelectrophoresis. One of them, ,81-globulin,
showed a minor component with greater anodal electrophoretic mobility. The other band detected by rabbit antihuman serum was not further identified. No 7 S y-globulin was present in the C'3a preparations ( Figure 8 ). Coombs tests. After exposure to C'3a both PNHE and NHE gave a positive hemagglutination reaction with antihuman serum; cells similarly treated did not react with anti-,l81-globulin or anti-7 S y-globulin. Preabsorption of the antihuman serum with C'3a abolished the positive hemagglutination reaction (Table IV) .
Discussion
Although much has been learned about the mechanism of C' action during the preceding decade (14) , the precise nature of the damage inflicted upon the red cell membrane that leads to subsequent lysis is not known, nor is it known which of the several C' components acts to produce the ultimate membrane injury. Certain C' components presumably function only to activate later-acting C' components necessary for the development of progressive stages in immune lysis. Since the C' components involved in such function need not be present on the cell membrane when lysis actually occurs, these C' components are probably not involved in membrane injury. C'1, for example, is dispensable after the attachment of C'4 and C'2, and cells in the state EAC'4,2 can be readily lysed by C'3 (12) . In an analogous fashion C'2 is only necessary for the attachment of C'3a; cells in the state EAC'1,4,3a (or presumably EAC'4,3.) need only be exposed to C'3b and C'3c for lysis to occur (15) .7 Since no method is yet known of removing or inactivating cell bound C'4, the possibility that it plays a role in the terminal phases of immune lysis cannot be excluded with certainty. It is, however, equally possible that C'4 is not required beyond the activation and attachment of C'2 and that cells in the state EAC'3a would hemolyze in the presence of C'3b and C'3c. Such a possibility is suggested by the experiments described in this paper.
The ability of PNHE to combine directly with partially purified C'3a and to form an intermediate complex susceptible to lysis by C'3b and C'3c confirms the observations of Rosen made with radioiodinated C'3a (16) and substantiates our earlier speculations that PNHE might be susceptible to lysis by late-acting complement components attaching directly from the fluid phase (4). Taken together with the findings of Jenkins that PNHE remaining intact after acid hemolysis in whole serum bear on their surface C'3a, but not C'4 (17), the present observations permit us to make certain approximate statements about the mechanism of PNHE lysis by acidified whole human serum in vitro. There remains little reason to doubt that in vitro lysis of PNHE is effected by the C' system, and not by any esoteric species of serum factors, inhibitors, or activators (18) . In this respect, PNHE lysis does not differ from classical immune hemolysis. A striking difference between these two C'-dependent hemolytic systems does exist, however, in the localization of the earlier stages of the C' sequence. In the case of immune lysis these early stages, mediated by the antibody coat, occur in apposition to the cell membrane; in PNHE lysis they take place in the fluid phase. The susceptibility of the PNHE hemolytic system to dilution implies that the fluid phase activation steps involved are not very efficient, and the lack of significant C' consumption during PNHE lysis confirms this impression (19) . In addition, PNHE, lacking a C'-activating mechanism (antibody coat), are deprived of the ability to exert any direct influence on the initiation and localization of C' action (4, 20) . The need for participation of fluid phase early C' components in PNHE lysis in acid serum is attested to by the dependence of acid hemolysis on Mg++ (2) , implying that at least C'2 is involved in fluid phase events. Taken in the framework of our current knowledge of the role of C'2 in C'-dependent lysis, it seems reasonable to conclude that these C'2-mediated fluid phase events are preceded by action of C'1 (21) (and possibly C'4) and that they are concerned with rendering C'3a capable of attachment (possibly by activation) to PNHE (4, 22, 23) . One can "drive" the entire sequence of early phase events and increase resultant PNHE lysis by adding to the system C'1 activators, C'la, or C'1 esterase (4). That a delicate balance exists in this fluid phase mechanism is shown by the inhibition of PNHE lysis by an excess of these "driving" materials (4) . This inhibition is probably due to inactivation of C'2 (possibly C'4) or C'3a or both. Bypassing the early fluid phase events concerned with C'3a activation, and placing C'3a directly on (6) , or ,31g-globulin, the reaction product of C'2a and 1,p-globulin (22) .
The second constituent has not been identified but may be either ,/f-globulin or C'6, which have been shown by Nilsson and Mifller-Eberhard to be present in C'3a fractions prepared by their original method (23) . The hemagglutination studies demonstrate the presence of a serum protein constituent on PNHEC'3a that is distinct from 831,-globulin. Whether this serum protein fraction is 1f3-globulin, C'6, or both has not been ascertained.
We have previously cited evidence that eliminates the possibility that PNHE are in the state PNHEC'1,4,2 (4) . Since the C'3a utilized during the present studies contains at least two and probably three C'3a subcomponents (23) , it might be argued that one of these activities is already attached to PNHE and effects the attachment of the others. However, the observations of Linscott and Nishioka (15) and of Nilsson and Miiller-Eberhard (23) indicate that the components comprising C'3a activity require cell bound C'2a for attachment during immune lysis. The experiments utilizing decayed PNHE clearly demonstrate that cell bound C'2 plays no direct role during the attachment of C'3a. Although PNHE presumably go through a state equivalent to PNHEC'3a in vivo, such cells are probably destroyed by C'3b and C'3c almost immediately, since PNHE studied in vitro are resistant to hemolysis in the absence of Mg++ (2) .
Certain activators of C' 1 such as polyinosinic acid and dextran sulfate are capable of initiating lysis of NHE as well as PNHE (4) . The mechanism of induction of such hemolysis has been presumed to involve the same fluid phase C' component events as those involved in PNHE hemolysis. Viewed in the light of these prior observations, it is not surprising to discover that NHE are also susceptible to direct attack by C'3a, C'3b, and C'3c, albeit to a far lesser extent than PNHE. The demonstration that both diseased and normal human red cells are capable, under proper conditions, of combining directly with C'3a without the direct mediation of an antibody coat or earlier cell bound C' components suggests that human red cells bear on their surface receptor sites for such an attachment. The PNH red cell differs from NHE in having a greater number of such sites or in having them more accessible to fluid phase C'3a. Thus, whatever the nature or pathogenesis of the membrane lesion of PNHE (and it is clear that the present report throws little light on this fundamental question), we can at least say that it increases the affinity of the PNHE membrane for C'3a when compared with the normal human red cell membrane, and that this affinity makes PNHE susceptible to attack by fluid phase processes of C' activation ordinarily insufficient to attack NHE. If the biochemical nature of the membrane site involved in C'3a attachment were established, it might provide an avenue through which more definitive understanding of the nature of the membrane lesion in PNH could be obtained. 
